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[57] ABSTRACT

An ultrasonic probe having one or more piezoelectric
ceramic elements, each having a respective bulk acous-
tic impedance. Each element has a respective front face
and a respective piezoelectric ceramic layer integral
therewith to provide efficient acoustic coupling be-
tween the probe and a medium under examination by
the probe. The respective piezoelectric layer of each
element includes shallow grooves disposed on the re-
spective front face of each piezoelectric element. A
groove volume fraction of the piezoelectric layer is
selected to control acoustic impedance of the piezoelec-
tric layer so as to provide a desired acoustic impedance
match between the bulk acoustic impedance of the ele-
ment and an acoustic impedance of a medium under
examination by the probe. Electrodes extend into and
contact the grooves, imposing electrical boundary re-
quirements that support a desired electrical field distri-
bution within the element.

21 Claims, 12 Drawing Sheets
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MATCHING LAYER FOR FRONT ACOUSTIC
IMPEDANCE MATCHING OF CLINICAL
ULTRASONIC TRANDUCERS

BACKGROUND OF THE INVENTION
The present invention generally relates to ultrasonic

probes and more specifically to ultrasonic probes for

acoustic 1maging.

Ultrasonic probes provide a convenient and accurate
way of gathering information about various structures
of interest within a body being analyzed. In general, the

10

various structures of interest have acoustic impedances

that are different than an acoustic impedance of a me-
dium of the body surrounding the structures. In opera-
tion, such ultrasonic probes generate a broadband signal
of acoustic waves that is then acoustically coupled from
the probe into the medium of the body so that the acous-
tic signal 1s transmitted into the body. As the acoustic
signal propagates through the body, part of the signal is
reflected by the various structures within the body and
then received by the ultrasonic probe. By analyzing a
relative temporal delay and intensity of the reflected
acoustic waves received by the probe, a spaced relation
of the various structures within the body and qualities

related to the acoustic impedance of the structures can
be extrapolated from the reflected signal.

For example, medical ultrasonic probes provide a
convenient and accurate way for a physician to collect
imaging data of various anatomical parts, such as heart
tissue or fetal tissue structures within a body of a pa-
tient. In general, the heart or fetal tissues of interest
have acoustic impedances that are different than an
acoustic impedance of a fluid medium of the body sur-
rounding the tissue structures. In operation, such a med-
ical probe generates a broadband signal of acoustic
waves that 1s then acoustically coupled from a front
portion of the probe into the medium of the patient’s
body, so that the signal is transmitted into the patient’s
body. Typically, this acoustic coupling is achieved by
pressing the front portion of the probe into contact with
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a surface of the abdomen of the patient. Alternatively,

more invasive means are used, such as inserting the
front portion of the probe into the patient’s body
through a catheter.

As the acoustic signal propagates through the pa-
tient’s body, portions of the signal are weakly reflected
by the various tissue structures within the body and
received by the front portion of the ultrasonic medical
probe. As the weakly reflected acoustic waves propa-
gate through the probe, they are electrically sensed by
electrodes coupled thereto. By analyzing a relative
temporal delay and intensity of the weakly reflected
waves received by the medical probe, imaging system
components that are electrically coupled to the elec-
trodes extrapolate an image from the weakly reflected
waves to 1llustrate spaced relation of the various tissue
structures within the patient’s body and qualities related
to the acoustic impedance of the tissue structures. The
physician views the extrapolated image on a display
device coupled to the imaging system.

Since the acoustic signal is only weakly reflected by

- the tissue structures of interest, it is important to try to

provide efficient acoustic coupling between the front
portion of probe and the medium of the patient’s body.
Such efficient acoustic coupling would insure  that
strength of the acoustic signal generated by the probe is
not excessively diminished as the signal is transmitted

45

50

33

65

2

from the from portion of the probe into the medium of
the body. Additionally, such efficient acoustic coupling
would insure that strength of the weakly reflected sig-
nal is not excessively diminished as the reflected signal
1s received by the front portion of the probe from the
medium of the body. Furthermore, such efficient acous-
tic coupling would enhance operational performance of
the probe by reducing undesired reverberation of re-
flected acoustic signals within the probe.

An mmpediment to efficient acoustic coupling is an
acoustic impedance mis-match between an acoustic
impedance of piezoelectric materials of the probe and
an acoustic impedance of the medium under examina-
tion by the probe. For example, one piezoelectric mate-
rial typically used in ultrasonic probes is lead zirconate
titanate, which has an acoustic impedance of approxi-
mately 33100 kilograms/meter2second, kg/m2s. The
acoustic impedance of lead zirconate titanate is poorly
matched with an acoustic impedance of human tissue,
which has a value of approximately 1.5 106 kg/m?3s.

Previously known acoustic coupling improvement
schemes have had only limited success and have created
additional manufacturing, reliability and performance
difficulties. For example, one previously known scheme
provides an ultrasonic probe of high-polymer piezoelec-
tric elements. Each of the high-polymer piezoelectric
elements comprises a composite block of piezoelectric
and polymer materials. For example, FIG. 1 is a cross
sectional view of a typical piezoelectric composite
transducer. As shown, a single piezoelectric ceramic
plate 1s reticulately cut to be finely divided, so that a
number of fine pole-like piezoelectric ceramics 1 are
arranged two-dimensionally. A resin 7 including micro-
balloons (hollow members) 6 is cast to fill in gaps be-
tween piezoelectric ceramic poles 1. The resin is cured
so as to hold the piezoelectric ceramic poles 1. Elec-
trodes 4, are provided on both end surfaces of the piezo-
electric ceramic poles 1 and the resin 7, so as to form the
piezoelectric ceramic transducer. The piezoelectric
composite transducer shown in FIG. 1 is similar to one
discussed in U.S. Pat. No. 5,142,187 entitled ‘“Piezoelec-

tric Composite Transducer For Use in Ultrasonic
Probe” and 1ssued to Saito et al. Because this patent

provides helpful background information concerning
piezoelectric composites, it is incorporated herein by
reference.

While composite materials provide some improved
acoustic coupling to various desired media, there are
difficulties in electrically sensing reflected acoustic
waves received by such composites. A dielectric con-
stant of each high polymer element is relatively small.
For example, for a composite that is 50% polymer and
50% piezoelectric ceramic, the dielectric constant mea-
surable between electrodes of the high polymer element
1s approximately half of that which is inherent to the
piezoelectric ceramic. Accordingly, the dielectric con-
stant measurable between the electrodes of the high
polymer element is only approximately 1700. A much
higher dielectric constant is desirable so that a higher
capacitive charging is sensed by the electrodes in re-
sponse to the reflected acoustic waves. The higher di-
electric constant would also provide an improved elec-
trical impedance match between the probe and compo-
nents of the imaging system electrically coupled to the
probe. |

Another previously known acoustic coupling im-
provement scheme provides an ultrasonic probe com-



5,434,827

3

prising one or more layers of dissimilar matching mate-
rials bonded to a front portions of a piezoelectric vibra-
tor body. A thin layer of a cement adhesive is applied to
bond each layer, thereby creating undesirable adhesive
bond lines between the layers of dissimilar materials and
the piezoelectric body.

For example, FIG. 2 illustrates an ultrasonic trans-
ducer 202 comprising an acoustically damping support
body 204 of epoxy resin having an acoustic impedance
of 3 X 106kilograms/meter2second, kg/m3s, a piezoelec-
tric vibrator body 206 of a piezoceramic, such as lead
zirconate titanate having the acoustic impedance of
33X 10 kg/m32s, a silicon layer 208 having an acoustic
impedance of 19.5X 10°% kg/m?s, and a polyvinylidene
fluoride layer 210 having an acoustic impedance of 4 *
106 kg/m?s. The silicon and polyvinylidene fluoride
layers are used to match the relatively high acoustic
impedance of the piezoceramic material of the vibrator
body to a relatively low acoustic impedance of human
tissue, which has an acoustic impedance of 1.5X 106
kg/m?2s. The vibrator body 206 shown in FIG. 2 has a
resonant frequency of 20 megahertz, MHz, and the
silicon and polyvinylidene fluoride layers each have a
respective thickness that is a quarter wave length of the
resonant frequency of the vibrator body.

Electrodes (not shown in FIG. 2) are electrically

coupled to the vibrator body 206 for electrically sensing

acoustic signals received by the transducer. Unlike the
piezoelectric composite discussed previously herein,
the piezoceramic material of the vibrator body 206 has

a relatively high dielectric constant, which 1s not de-

graded by polymer. For example, lead zirconate titanate
has a relatively high intrinsic dielectric constant of ap-
proximately 3400.

The piezoelectric vibrator body 206 shown in FIG. 2
is connected on one side to the acoustically damping
support body 204 by means of an adhestive layer over a

large area, and 1s attached on an opposite side at least

indirectly to the silicon layer 208 by another adhesive
layer. Similarly, the polyvinylidene fluoride layer 210 is
connected to silicon layer by yet another adhesive
layer. The thickness of each adhesive layer 1s typically
2 microns. The ultrasonic transducer 202 shown in FIG.

2 1s stmilar to one discussed in U.S. Pat. No. 4,672,591

entitled “Ultrasonic Transducer” and issued to Bries-
messer et al. Because this patent provides helpful back-
ground mformation concerning dissimilar matching
materials bonded to piezoelectric bodies, it is incorpo-
rated herein by reference. Though the dissimilar layers
employed in previously known schemes help to provide
impedance matching, the adhesive bonding of these
layers creates numerous other problems. A plurality of
bonding process steps needed to implement such

schemes creates manufacturing difficulties. For exam-

ple, during manufacturing it is difficult to insure that no
voids or air pockets are introduced to the adhesive layer
to impair operation of the probe. Furthermore, reliabil-
ity of this previously known transducers is adversely
effected by differing thermal expansion coefficients of
the layers of dissimilar materials and the piezoelectric
block. Over time, for example over 5 years of use, some
of the adhesive bonds may lose integrity, resulting in
“dead” transducer elements that do not effectively
transmit or receive the acoustic signals. Additionally,

operational performance is limited at higher acoustic

signal frequencies, such as frequencies above 20 mega-
hertz, by the bond lines between the piezoelectric body
and the dissimilar materials. |
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One measure of such operational performance limita-
tions is protracted ring down time in impulse response
of the ultrasonic transducer of FIG. 2. Such impulse
response can be simulated using a digital computer and
the KLLM model as discussed in “Acoustic Waves” by
G. S. Kino on pages 4145, which is incorporated
herein by reference. FIG. 3 is a diagram of the simu-
lated impulse response of the ultrasonic transducer of
FIG. 1 having the resonant frequency of 20 Megahertz,
radiating into water, and constructed in accordance
with the principles taught by Briesmesser et al. In ac-
cordance with the impulse response diagram shown in
FIG. 3, simulation predicts a — 6 decibel, db, ring down
time of 88.637 nanoseconds, nsec, a —20 db ring down
time of 270.411 nsec, and a —40 db ring down time of
452.350 nsec.

What is needed 1s a rehable ultrasonic probe that
provides enhanced operational performance and effi-
cient electrical coupling to imaging system components,
while further providing efficient acoustic coupling to
the desired medium under examination by the probe.

SUMMARY OF THE INVENTION

An ultrasonic probe of the present invention provides
efficient and controlled acoustic coupling to a desired
medium under examination by the probe and further
provides for efficient electrical coupling to electrodes
for electrically exciting and sensing acoustic signals that
are transmitted and received by the probe. Further-
more, the present invention is not limited by manufac-
turing, reliability and performance difficulties associ-
ated with previously known acoustic coupling improve-
ment schemes that employ adhesive cements to bond
layers of dissimilar acoustic materials to piezoelectric |
Ceramics. - |

Briefly and in general terms, the ultrasonic probe of
the present invention employs one or more piezoelec-
tric ceramic elements, each having a respective bulk
acoustic impedance. A respective pair of the electrodes
is coupled to each element. Preferably, the piezoelectric
elements are arranged in a one or two dimensional
phased array. Each element has a respective front face
and a respective piezoelectric ceramic layer integral
therewith for substantially providing a desired acoustic
impedance match between the bulk acoustic impedance
of the element and an acoustic impedance of the me-
dium under examination. For electrical potential mea-
surable between the respective pair electrodes, there is
relatively little electrical potential difference along a
respective thickness of the respective layer. Accord-
ingly, the respective piezoelectric layer is substantially
electromechanically inert. Each element further in-
cludes a respective bulk remainder portion that is elec-
tromechanically active and resonates at a desired bulk
resonant frequency. By providing the acoustic impe-
dance match, the inert piezoelectric layer helps to pro-
vide efficient acoustic coupling between the probe and
the medium under examination by the probe.

The respective mert piezoelectric layer of each ele-
ment includes shallow grooves disposed on the respec-
tive front face of each piezoelectric element and extend-
ing through the thickness of the inert piezoelectric
layer. More specifically, the shallow groves are micro-
grooves, typically extending into the respective face of
each element less than 1000 microns. In general, a depth
dimension of the grooves is selected to be approxi-
mately a quarter of a wavelength of the acoustic signals.
A groove volume fraction of the inert piezoelectric



5,434,827

S

layer 1s selected to control acoustic impedance of the
inert piezoelectric layer so as to provide the desired
acoustic impedance match. In an illustrative medical
imaging application, each groove has a respective vol-
ume selected so that the inert piezoelectric layer sub-
stantially provides the desired acoustic impedance
match between the bulk acoustic impedance of the pi-
ezoelectric element and an acoustic impedance of a
medium of a patient’s body.

The respective pair of electrodes electrically coupled
to the piezoelectric ceramic material of each element
includes a respective rear electrode coupled to a respec-
tive rear face of each element, and a respective front
electrode coupled to the respective front face of each
element. The front electrode extends into and contacts
the grooves, imposing electrical boundary requirements
that support a desired electrical field distribution within
the element. Design parameters such as the width and
pitch dimensions of the grooves are adjusted as needed
so that for electrical potential measurable between the

respective electrode pairs of each array element, there is

relatively little electrical potential difference along the
thickness of the respective inert piezoelectric layer of
each element. For example, the width and pitch dimen-
sions of the grooves are selected so that there is a rela-
tively small electrical potential difference along the
thickness of the inert piezoelectric layer that is less than
approximately %35 of the electrical potential measurable
between the pair of electrodes. Because the electrical
potential along the thickness of the inert piezoelectric
layer is relatively small, the dielectric constant measur-
able between the electrodes of the element is relatively
high and is substantially the same as that which is intrin-
sic to the ceramic material of the element.

As will be discussed in greater detail later herein, the
relatively high dielectric constant is desired so that a
high capacitive charging is sensed by the electrodes in
response to reflected acoustic waves received by the
piczoelectric elements of the probe of the present inven-
tion. The relatively high dielectric constant also pro-
vides for an improved electrical impedance match be-
tween the probe and components of an acoustic imaging
system electrically coupled to the probe. Accordingly,
the present invention is not burdened by difficulties
assoclated with electrically sensing acoustic waves in
previously known high polymer composites, which
have a relatively low dielectric constant.

A manufacturing advantage associated with the pres-
ent invention is that the grooves can be easily etched or
cut into a wide ranges of piezoelectric materials. Fur-
thermore, because the inert piezoelectric layer is inte-
gral with the piezoelectric element, the present inven-
tion provides acoustic impedance matching without
being burdened by manufacturing and reliability prob-
lems that are associated with adhesively bonding layers
of dissimilar layers to piezoelectric ceramics. High fre-
quency performance of the ultrasonic probe con-
structed in accordance with the teachings of the present
invention is not limited by adhesive bond lines present
in some previously known ultrasonic probes.

Other aspects and advantages of the present inven-
tion will become apparent from the following detailed
description, taken in conjunction with the accompany-
ing drawings, illustrating by way of example the princi-

ples of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cut away cross sectional view of a
previously known ultrasonic transducer.

FIG. 2 shows a cross sectional view of another previ-
ously known ultrasonic transducer.

F1G. 3 1s a diagram illustrating a simulated impulse
response of the transducer of FIG. 2.

FIG. 4A shows an isometric view of an ultrasonic

probe of a preferred embodiment of the present inven-
tion.

FIG. 4B shows a detailed cut away isometric view of
the probe of FIG. 4A. |

FIG. 5 1s a diagram illustrating lines of electric equi-
potential distributed along a longitudinal dimension of a
piezoelectric element of the probe of FIG. 4A.

- FIGS. 6A-D are simplified 1sometric views illustrat-
ing steps in making the probe of FIG. 4A.

FIG. 7 1s a diagram illustrating a simulated impulse
response of a probe similar to that shown in FIG. 4A.

FIG. 8 1illustrates an alternative embodiment of
grooves extending through the piezoelectric layer of
the present invention.

FIG. 9 illustrates another alternative embodiment of
grooves extending through the piezoelectric layer of
the present invention.

FIG. 10 1s a detailed isometric view of yet another

- alternative embodiment of the invention.
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FIG. 11 1s a detailed isometric view of yet another
alternative embodiment of the invention.

FIG. 11A 1s a further detailed cut away isometric
view of a piezoelectric layer shown in FIG. 11.

FIG. 12 is a detailed cross sectional view of yet an-
other alternative embodiment of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT

The ultrasonic probe of the present invention pro-
vides efficient and controlled coupling of an acoustic
signal between the probe and the desired medium under
examination, and further provides manufacturing, reli-
ability and performance advantages. FIG. 4A is a sim-
plified isometric view illustrating a preferred embodi-
ment of the ultrasonic probe 400. As shown, the pre-
ferred embodiment of the ultrasonic probe includes an
array of piezoelectric ceramic elements 401, each hav-
ing a bulk acoustic impedance, ZpzT, and each having a
longitudinal dimension, I.. Each element includes a
respective piezoelectric ceramic layer 402 integral
therewith and having a layer thickness defined by a
depth dimension, D, of grooves extending through the
layer. The respective piezoelectric layer of each ele-
ment is substantially electromechanically inert. Each
piezoelectric element further includes a respective bulk
remainder portion 403, which is electromechanically
active and resonates at a desired bulk resonant fre-
quency along a bulk remainder dimension, R, shown in
FI1G. 4A. It 1s preferred that the bulk remainder dimen-
sion, R, be selected to be a half of a wavelength of the
desired bulk resonant frequency.

Each array element has an elevational dimension, E,
corresponding to an elevational aperture of the probe.
Elevational aperture and the resonant acoustic fre-
quency of each element are selected based on a desired
imaging application. Typically, the elevational dimen-
sion, E, 1s selected to be between 7 and 15 wave lengths
of the resonant acoustic frequency of the probe. As
shown, the piezoelectric elements are arranged in a
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suitable spaced apart relation, F, along a azimuthal
dimension, A, of the array and are supported by an
epoxy or other appropriate backing material 404. As
shown, each element has a suitably selected lateral di-
mension, G. Furthermore, a number of elements in the
array is selected based on requirements of the imaging
application. For example, an ultrasonic abdominal
probe for a medical imaging application typically in-
cludes more than 100 elements and an elevational aper-
ture of 10 wave lengths. For the sake of simplicity, far
fewer elements are shown in the probe of FIG. 4A.

In the preferred embodiment, the piezoelectric ele-
ments are essentially embodied in specially contoured
blocks of a piezoelectric ceramic material, such as iead
zirconate titanate, PZT, each having a respective front
face and rear face oriented approximately parallel to
one another and being oriented approximately perpen-
dicular to the respective longitudinal dimension, 1., of
each element. It should be understood that although
PZT is preferred, other piezoelectric ceramic materials
known to those skilled in the art may be alternatively
employed in accordance with the principles of the pres-
ent invention, with beneficial results.

The respective inert piezoelectric layer 402 integral
with the respective front face of each piezoelectric
element substantially provides an acoustic impedance
match between the bulk acoustic impedance of each
piezoelectric element and the acoustic impedance of a
desired medium under examination. For example, in
medical imaging applications, the respective inert pi-
ezoelectric layer provides an acoustic impedance match
between the bulk acoustic impedance of each piezoelec-
tric element and the acoustic impedance of a medium of
a patient’s body under examination. As shown in de-
tailed view 4B, the respective inert piezoelectric layer
402 integral with each piezoelectric element 401 of the
array includes the grooves 405, which are disposed on

the respective front face of each element to control

acoustic impedance of the layer. In the preferred em-
bodiment, the grooves are arranged substantially paral-
lel to one another along the respective elevational di-
mension, E, of each element.

As shown in FIGS. 4A and 4B, a respective pair of
metal electrodes is electrically coupled to the piezoelec-
tric ceramic material each piezoelectric element. The
respective pair of electrodes of each element includes a
respective rear electrode 406 coupled to the respective
rear face of each piezoelectric element and further in-
cludes a respective front electrode 407 extending into
and contacting the grooves disposed on the respective
front face of each piezoelectric element. This arrange-
ment of electrodes helps to insure that the piezoelectric
layer is substantially electromechanically inert. A con-
formal material, preferably air, is disposed within the
grooves adjacent to each electrode. As will be discussed
in greater detail later herein, a suitable alternative con-
formal material, for example polyethylene, may be used
instead of air. The selected conformal material has an
acoustic impedance, Zgonformal, associated therewith.

By applying a respective voltage signal to the respec-
tive pair of electrodes coupled to each piezoelectric
element, the bulk remainder portion of each element is
excited to produce acoustic signals having the desired
resonant frequency. Respective conductors 408 are
coupled to each electrode for applying the voltage
signals. The acoustic signals are supported in propaga-
tion along the respective longitudinal dimension of each
element by a longitudinal resonance mode of the piezo-
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electric element. The respective acoustic signals pro-
duced by each piezoelectric element of the array are
emitted together from the respective inert piezoelectric
layer as an acoustic beam that is transmitted into the
medium of the body under examination. For example, in
the medical imaging application, the acoustic beam is
transmitted into the patient’s body. Phasing of the re-
spective voltage signals applied to each element of the
array is controlled to effect azimuthal steering and lon-
gitudinal focussing of the acoustic beam as the acoustic
beam sweeps though the body. An acoustic lens, shown
in exploded view in FIG. 4A, is acoustically coupled to
the elements to provide elevational focussing of the
acoustic beam.

As the acoustic signals propagate through the pa-
tient’s body, portions of the signal are weakly reflected
by the various tissue structures within the body, are
received by the piezoelectric elements, and are electri-
cally sensed by the respective pair of electrodes coupled
to each piezoelectric element. The reflected acoustic
signals are first received by the respective inert piezo-
electric layer integral with each piezoelectric element
and then propagate along the respective longitudinal
dimension of each piezoelectric element. Accordingly,
the acoustic signals propagate through the inert piezo-
electric layer with a first velocity, and then propagate
through the bulk remainder portion of the piezoelectric
element with a second velocity. 1t is preferred that the
depth dimension, D, of the grooves of the mert with a
second velocity. It is preferred that the depth dimen-
sion, D, of the grooves of the inert piezoelectric layer
be selected to be a quarter of a wavelength of the acous-
tic signals traveling through the inert piezoelectric
layer.

The depth dimension, D, of the grooves defines thick-
ness of the respective inert piezoelectric layer integral
with each of the piezoelectric elements. A depth dimen-
sion, W, of each groove and a pitch dimension, P, of the
respective grooves are selected to separate lateral and
shear resonance modes of the inert piezoelectric layer -
from undesired interaction with the longitudinal reso-
nance mode of the piezoelectric element. Furthermore,
the width and pitch of the grooves are selected to pro-
vide efficient transfer of acoustic energy through the
inert piezoelectric layer. Additionally, the depth and
pitch of the grooves are selected so that the inert piezo-
electric layer appears homogenous to acoustic waves.
In general, beneficial results are produced by a piich to
depth, P/D, of less than or equal to approximately 0.4,
in accordance with additional grove teachings of the
present invention discussed in greater detail later
herein. The width and pitch dimensions of the grooves
are further adjusted, if needed so that for an electrical
potential measurable between the respective pair of
electrodes of each array element, there is a relatively
small electrical potential difference along the thickness
of the inert piezoelectric layer. For example, the width
and pitch dimensions of the grooves are selected so that
there is an electrical potential difference along the
thickness of the piezoelectric layer that is less than ap-
proximately %35 of the electrical potential measurable
between the respective pair of electrodes of each ele-

‘ment.

Acoustic impedance of the inert piezoelectric layer 1s
controlled so as to provide an acoustic impedance
match between the bulk acoustic impedance of each
piezoelectric element and an acoustic impedance of the
medium damping support body. Accordingly, the inert
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piezoelectric layer provides for efficient acoustic cou-
pling between the piezoelectric element and the me-
dium under examination. The acoustic impedance of the
inert piezoelectric layer is substantially determined by
groove volume fraction, which is based upon the width
and pitch dimensions of the grooves 505 disposed on the
respective front face of each of the piezoelectric ele-
ments S01.

A desired acoustic Impedance of the inert piezoelec-
tric layer, Zayper, 1s calculated to produce an impedance
match between the bulk acoustic impedance of the ce-
ramic material of the piezoelectric element, Zpz7, and
the acoustic impedance of the acoustically damping
support body, Zpody, Using an equation:

Ligyer=(ZpzTX Zbadyl /2

For example, given that the acoustic impedance of the
acoustically damping support body, Zpogy, is 3 X106
kilograms/meter?second, kg/m?s, and that the bulk
acoustic impedance of lead zirconate titanate, Zpz7, is
33X 10% kg/m?s, the desired acoustic impedance of the
inert piezoelectric layer, Zjayer, is calculated to be ap-
proximately 6.6 106 kg/m?2s.

The acoustic impedance of the inert piezoelectric
layer is substantially controlled by the groove volume
fraction of the inert piezoelectric layer. The groove
volume fraction of the layer is defined by dividing a
volume of a groove extending through the layer by a
sum of the volume of the groove and a volume of re-
maining layer ceramic adjacent to the groove. A de-
sired groove volume fraction, v, is calculated from the
desired acoustic impedance of the layer and respective
acoustic impedances of the piezoelectric ceramic mate-
rial, and the conformal material. The desired volume

fraction, v, is approximately equal to an expression:

(ZpzT— Ziayer)/(ZpzT— zmnfamf) _

For example, given air as the conformal material having
an acoustic impedance, Zeonformal, of 411 kg/m?2s, and
given values for the acoustic impedance of the inert
piezoelectric layer, Zjgyer, and the bulk acoustic impe-
dance of the ceramic material of the element, ZpyT, as
articulated previously herein, the desired groove vol-
ume fraction of the inert piezoelectric layer, v, is ap-
proximately 78.7%. A volume fraction of the ceramic of
~ the layer complements the groove volume fraction.
Accordingly, for this example, the ceramic volume
fraction of the layer is approximately 21.3%.

A desired depth of the grooves, D, is calculated from
a speed of sound in the inert piezoelectric layer, Ciayer,
and a quarter wavelength of the resonant acoustic fre-
quency, f, of the piezoelectric element, using an equa-
tion:

D=3 (Clayer/ﬁ

Given that the desired groove volume fraction of the
inert piezoelectric layer is approximately 78.7%, speed
of sound in the inert piezoelectric layer, Ciyer, can be
estimated as being approximately 3.5X10° cen-
timeters/second. Alternatively the speed of sound in the
inert piezoelectric layer can be estimated using more
sophisticated methods, such as those based on tensor
analysis models of the inert piezoelectric layer. For
instance, tensor analysis models discussed in “Modeling
1-3 Composite Piezoelectrics: Thickness-Mode Oscilla-
tions”, by Smith et. al, pages 40-47 of IEEE Transac-
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tions on Ultrasonics, Ferroelectrics, and Frequency
Control, Vol. 38, No 1, January, 1991, can be adapted to
estimate speed of sound in the inert piezoelectric layer.
Given that in the present example the speed of sound in
the inert piezoelectric layer, Cpyer is estimated as
3.5 X 10° centimeters/second, the desired bulk resonant
frequency, f, is 2 megahertz, MHz, the depth of the
grooves, D, 1s approximately 437.5 microns. Accord-
ingly, the grooves are shown to be micro-grooves, ex-
tending into the front face of the element less than 1000
microns.

A pitch, P, of the grooves is calculated so that the
pitch is less than 0.4 of the depth of the grooves:

P=(0.4X D)

For example, given depth of the grooves, D, of approxi-
mately 437.5 microns, pitch of the grooves should be
less than or equal to 175 microns.

Width of grooves, W, is calculated based upon the
pitch, P, the groove volume fraction, v, and a correc-
tion factor, k, using an equation:

W=PyXKk

A desired value for the correction factor, k, is selected
based on connectivity of the ceramic of the inert piezo-
electric layer and the conformal material. For the inert
piezoelectric layer having grooves arranged as shown
in FIGS. 4A and 4B, the layer has 2-2 connectivity and
the correction factor, k, is simply 1. In alternative em-
bodiments, the grooves are alternately arranged so that
the layer has a different connectivity, yielding a differ-
ent correction factor. For instance, in an alternative
embodiment, the grooves are arranged so that the layer
has a 1-3 connectivity, yielding a different correction
factor of 1.25. Given 2-2 connectivity so that the cor-
rection factor, k, is 1, given pitch of 175 microns, and
given groove volume fraction of the inert piezoelectric
layer of 78.7%, the width, W, of the grooves is approxi-
mately 137.7 microns.

For embodiments of the probe scaled to operate at a
higher resonant frequency, relevant groove dimensions
are scaled accordingly. For example, for an embodi-
ment of the probe scaled to operate at a resonant acous-
tic frequency of 20 MHz, relevant groove dimensions of
the 2 MHz probe example discussed previously are
scaled by a factor of 10. Therefore, for an array of
piezoelectric elements each having a bulk resonant fre-
quency of 20 MHz and respective piezoelectric layers
with grooves arranged for 2-2 connectivity, relevant
dimensions of the grooves are scaled down by 10 so as
to have pitch of 17.5 microns, width of 13.77 microns,
and depth of approximately 43.75 microns. Accord-
ingly, the grooves are once again shown to be micro-
grooves, extending into the front face of the element
less than 1000 microns.

A respective number of grooves along the elevational
dimension, E, of each piezoelectric element of the array
is related to the pitch of the grooves and the elevational
aperture of the array. Typically, the respective number
of grooves along the elevational dimension, E, is ap-
proximately between the range of 50 and 200 grooves to
produce beneficial impedance matching results. As an
example, for a given preferred elevational dimension, E,
of 10 wave lengths of the acoustic signal, a preferred
respective number of grooves along the elevational
dimension 1s approximately 100 grooves. For the sake of
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simplicity, fewer grooves than 100 grooves are shown
in FI1G. 4A.

Front metal electrodes extend into and contact the
grooves, imposing electrical boundary requirements
that support a desired electrical field distribution within
the element. Design parameters such as the width and
pitch dimensions of the grooves are adjusted as needed
to msure that for an electrical potential measurable
between the respective electrode pairs of each array
element, there is a relatively small potential difference
along the thickness of the respective piezoelectric layer
of each element. For example, the width and pitch di-
mensions of the grooves are selected so that there is a
relatively small potential difference along the thickness
of the inert piezoelectric layer that is less than approxi-

mately %35 of the electrical potential measurable be-

tween the respective pair of electrodes. It should be
understood that for ultrasonic probes, there are a plural-
ity of relevant sources of the electrical potential differ-
ence measurable between the respective pair of elec-
trodes. For example, one relevant source of the electri-
cal potential difference measurable between the respec-
tive pair of electrodes is voltage applied to the elec-
trodes to excite acoustic signals in each piezoelectric
ceramic element. Another relevant source of the electri-
cal potential difference measurable between the respec-
tive pair of electrodes is voltage induced in each piezo-
electric element by weakly reflected acoustic signals
recetlved by each element.

The relatively small electrical potential difference
along the thickness of the piezoelectric layer is graphi-
cally illustrated in FIG. 5. FIG. 5 is a detailed cut away
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sectional view of one of the piezoelectric elements of

FIG. 4A, providing an illustrative diagram showing
lines of electrical equipotential distributed along the
longitudinal dimension, L, of the element for the exam-
ple of width and depth of grooves discussed previously
herein. Although lines of electrical equipotential are
invisible, representative lines are drawn into the dia-
gram of FIG. § for illustrative purposes. As shown in
cross section, grooves having pitch, P, width, W, and
depth, D, extend into the front face of the element,
through the thickness of the piezoelectric layer 402.
Given an exemplary 1 volt potential measurable be-
tween the pair of electrodes 406, 407, the lines of equi-
potential shown in FIG. 5§ correspond to 0.01 Volt in-
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crements in potential. Since electrical boundary re-

quirements provide that there is substantially no tangen-
tial component of any electric field at a conductor
boundary, and since electric fields distributions change
gradually, the front metal electrodes extend into and
contact the grooves to impose electrical boundary re-
quirements that support the desired electrical field dis-
tribution within the element. As shown in FIG. 5, there
is a relatively small electrical potential difference along
the thickness of the inert piezoelectric layer, D, that is
only approximately %3 of the electrical potential ap-
plied to the pair of electrodes of the array element.
Because the electrical potential difference along the
thickness of the inert piezoelectric layer is relatively
small as shown 1n FIG. 5§, the dielectric constant mea-
surable between the electrodes 406, 407 of the element
1s substantially the same as that which 1s intrinsic to the
lead zirconate titanate material of the element, and
therefore 1s relatively high. Furthermore, the relatively
small potential difference along the thickness of the
piezoelectric layer further helps to insure that the piezo-
electric layer 1s substantially electromechanically inert.
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Upon the element receiving weakly reflected acous-
tic signals as discussed previously herein, capacitive
charging of the electrodes is driven by a displacement
current. The displacement current is linearly propor-
tional to a product of an electric potential measurable
between the respective pair of electrodes and the dielec-
tric constant. Accordingly, the relatively high dielectric
constant provides a relatively high capacitive charging.
The high capacitive charging Is desired to efficiently
drive cabling that electrically couples the electrodes to
acoustic 1maging system components, which analyze a
relative temporal delay and intensity of the weakly
reflected acoustic signal received by the probe and
electrically sensed by the electrodes. From the analysis,
the imaging system extrapolates a spaced relation of the
various structures within the body and qualities related
to the acoustic impedance of the structures to produce
an image of structures within the body.

Similarly, electrical impedance of each element is
inversely proportional to the dielectric constant of each
element. The relatively high dielectric constant pro-
vides a relatively low electrical impedance. The low
electrical impedance of each element is desired to pro-
vide an improved impedance match to a low electrical
impedance of the cabling and to a low electrical impe-
dance of imaging system components.

Fabrication, poling, and dicing of the piezoelectric
elements of the array are illustrated and discussed with
reference to simplified FIGS. 6A-D. An initial step is
providing a slab of raw piezoelectric ceramic material -
as shown 1n FIG. 6A. Since the raw material has not yet
been poled, there is only random alignment of individ-
ual ferroelectric domains within the material and there-
fore the material is electromechanically inert. As shown
in FIG. 6B, the slab includes an inert piezoelectric layer
602 integral with the slab and a bulk remainder portion
603 of the slab. The inert piezoelectric layer is charac-
terized by grooves 605 having a depth, D, cut into a
front face of the slab and extending through a thickness
of the layer. The grooves are cut into the slab using a
blade of a dicing machine. Width of the blade is selected
so that the grooves have the desired width dimension,
W. Controls of the dicing machine are set to cut the
grooves at the desired pitch, P, and depth, D. Alterna-
tively, photolithographic processes utilizing chemical
etching may be employed to etch the grooves into the
front surface of the slab at the desired pitch, depth, and
width. As another alternative, the grooves can be ab-

lated onto the front face of the slab using a suitable laser.

Metal electrodes are deposited onto the slab by sput-
tering. A thin metal film having a selected thickness
between approximately 1000 to 3000 angstroms is sput-
tered onto the rear face to produce a rear electrode 606,
and another similar thin metal film is sputtered onto the
front face to produce a front electrode 607, as shown in
FIG. 6C. The metal film of the front electrode 607
extends into and contacts the grooves in the front face
of the slab.

A poling process comprises placing the slab into a
suitable oven, elevating a temperature of the slab close
to a curie point of the raw piezoelectric ceramic mate-
r1al, and then applying a very strong direct current, DC,
electric field of approximately 20 kilovolts/centimeter
across the front and rear electrodes while slowly de-
creasing the temperature of the slab. Because an electri-
cal potential difference along the thickness of the inert
piezoelectric layer including the grooves is only a small

- fraction of a total electrical potential between the elec-
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trodes, the inert piezoelectric layer 602 substantially

retains the random alignment of individual ferroelectric:
domains present in the raw piezoelectric material. Ac-

cordingly, the inert piezoelectric layer 602 is only very
weakly poled and remains electromechanically inert.
The weak poling of the piezoelectric layer further helps
to insure that the layer is electromechanically inert. In
contrast, the poling process aligns a great majority of

individual ferroelectric domains in the bulk remainder

portion 603 of the piezoelectric slab. Accordingly, the
bulk remainder portion 603 of the slab is very strongly
poled and 1s electromechanically active.

Conformal material is disposed in the grooves. As
discussed previously herein, in the preferred embodi-
ment the conformal material is a gas, such as air. In
another preferred embodiment, the conformal material
1s a low density conformal solid, such as polyethylene.
Conducting leads 608 are electrically coupled to the
metal films, as shown in FI1G. 6D, using a wire bonding
technique. Alternatively, the conducting leads may be
electrically coupled to the metal films by a very thin
layer of epoxy or by soldering. An epoxy backing mate-
rial 604 1s cast on the rear face of the slab to support the
slab, as shown in FIG. 6D. The dicing machine cuts
entirely through the piezoelectric slab at regularly

spaced locations to separate distinct piezoelectric ele-

ments of the array 610. An acoustic lens shown in ex-
ploded view i FIG. 6D is cast from a suitable resin on
the front face of the piezoelectric elements.

The inert piezoelectric layer that provides acoustic
1mpedance matching in accordance with the principles

of the present invention also provides enhanced opera-
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tional performance at high acoustic frequencies because -

the layer is integral with the piezoelectric element. In
previously known ultrasonic transducers, a dissimilar

35

impedance matching layer was made separate from the

plezoelectric element and then bonded to the transduc-
ers using a typical 2 micron layer of adhesive cement,
resulting in performance limitations as discussed previ-
ously heremn. One measure of the enhanced operational
performance of the present invention is reduced ring
down time in impulse response of the piezoelectric ele-
ments of the probe. Such impulse response can be simu-

lated using a digital computer and the KLM model as

discussed previously herein. |

F1G. 7 1s a diagram of a simulated impulse response of
the piezoelectric element similar to that shown in FIG.
4A but having a resonant frequency of 20 Megahertz,
and radiating into water. In accordance with the im-
pulse response diagram shown in FIG. 7, simulation
predicts a reduced —6 decibel (db) ring down time of
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86.331 nanoseconds (nsec), a reduced —20 db ring

down time of 256.566 nsec, and a reduced —40 db ring

down time of 431.355 nsec. In contrast, the impulse -

response of the previously known transducer shown in
FIG. 3 and discussed previously herein shows the pro-
tracted ring down time,

By selecting arrangement and dimensions of the

33

grooves disposed on the surface of the piezoelectric

clement, desired acoustic properties of the inert piezo- 60

electric layer are tailored to satisfy various acoustic
frequency response requirements. In some alternative
embodiments, the grooves include a plurality of sets of
grooves in each piezoelectric element, for providing the
piezoelectric elements with enhanced acoustic impulse
frequency response. Each set of grooves includes mem-
bers having a respective groove depth related to a re-
spective wavelength of the acoustic signals. Such alter-
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native embodiments are made in a similar manner as
discussed previously with respect to FIGS. 6A-D.
For example, a first alternative embodiment of the
inert piezoelectric layer of the present invention is illus-
trated in FIG. 8. As in FIG. 6B discussed previously,
FIG. 8 shows a slab of piezoelectric material having an
inert piezoelectric layer 802 integral with the slab,
grooves extending through the layer, and a bulk remain-
der portion 803 of the slab. In contrast to FIG. 5B dis-
cussed previously, the grooves of FIG. 8 include a first
set of grooves 805, a second set of grooves 806, and
third set of grooves 807 arranged adjacent one another.
As shown, the grooves are cut into the slab so that the
grooves have a pitch, P, and a width, W. Each member
of the first set of grooves is cut into the front face of the
plezoelectric element at a respective depth, D, which is
approximately equal to an integral multiple of one quar-
ter of a first wavelength of the acoustic signals. Simi-
larly, each member of the second set of grooves has a
respective depth dimension, D', which is approximately
equal to an integral multiple of one quarter of a second
wavelength of the acoustic signals. Each member of a
third set of grooves has a respective depth dimension,
D", which 1s approximately equal to an integral multi-
ple of one quarter of a third wavelength of the acoustic
signals. Respective members of the first, second and

- third set of grooves are arranged in a “stair step” pat-

tern as shown in FIG. 8. A single conformal material
can be deposited in each set of grooves. Alternatively, a
different conformal material can be deposited in each
set of grooves to achieve the desired frequency re-
sponse. Sputtering, poling and dicing processes are then
performed in a similar manner as discussed previously
with respect to FIGS. 6C and 6D in order to complete
alternative embodiment of the ultrasonic probe having
enhanced frequency response.

" In other alternative embodiments, a smoothed groove
profile is etched, in place of the abrupt “stair step”
pattern, to provide the piezoelectric elements with en-
hanced acoustic performance such as broad frequency
response or improved acoustic sensitivity. For example,
such alternative embodiments include grooves each
having a smoothed “V” profile and extending into the
front surface of the piezoelectric element. Such alterna-
tive embodiments are made in a similar manner as dis-
cussed previously with respect to FIGS. 6A-D. For
example, another alternative embodiment of the inert
piezoelectric layer of the present invention is illustrated
in FIG. 9. As in FIG. 6B discussed previously, FIG. 9
shows a slab of piezoelectric material having an inert
piezoelectric layer 902 integral with the slab, grooves
extending through the layer, and a bulk remainder por-
tion 903 of the slab. In contrast to FIG. 6B discussed
previously, the grooves of FIG. 9 include grooves 905
having the smoothed “V” profile. As shown, the
grooves are etched into the slab so that the grooves
have pitch, P, and width, W, and depth, D.

Still other embodiments provide alternative arrange-
ments of grooves on the respective front surface of each
piezoelectric element. For example, in contrast to the
preferred embodiment shown in detail in FIG. 4B
wherein the grooves disposed on each piezoelectric
element are arranged substantially parallel to one an-
other, yet another preferred embodiment is shown in
detail 1n FIG. 10 wherein each piezoelectric element
1001 includes a respective inert piezoelectric layer 1002
having a first and second set of grooves, 1005, 1006

- arranged substantially perpendicular to one another on
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the respective front surface of each element. A metal
film 1s sputtered onto the front face of each element to
provide a respective front electrode 1007 extending into
and contacting the grooves. Accordingly, the metal

film blankets the grooves. Air is used as a conformal
material disposed in the grooves. Because of the ar-
rangement of the grooves shown in FIG. 10, the layer

has 3-1 connectivity. As discussed previously, the
grooves are cut into the piezoelectric elements using a
dicing machine so as to have depth, D, width, W, and
pitch, P. Alternatively, the grooves are selectively
etched into elements using photolithography and chem-
ical etchants, or are ablated using a laser.

Another alternative arrangement of grooves on the
respective front surface of each piezoelectric element 1s
shown in detail in FIG. 11 wherein each piezoelectric
element 1101 includes a respective inert piezoelectric
layer 1002 having specially contoured grooves 1105
etched 1nto the layer. The specially contoured grooves
provide lozenge shaped remainder ceramic portions of
the piezoelectric layer. A respective front electrode
1107 extending into and contacting the grooves is de-
posited as a metal film by sputtering. The metal film
blankets the groves of the layer. In a further detailed cut
away view 11A the metal film of the electrode is cut
away to show the weakly poled piezoelectric ceramic
material of the inert piezoelectric layer. Air, used as
conformal material disposed in the grooves. Because of
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acoustic impedance match between the bulk acous-
tic impedance of each piezoelectric element and
the acoustic impedance of the medium, the respec-
tive piezoelectric layer including grooves disposed

on the respective front face of each piezoelectric
element; and |
a respective pair of electrodes, electrically coupled to

each piezoelectric element, the respective pair of
electrodes including a respective rear electrode
coupled to the respective rear face of each piezo-
electric element and a respective front electrode
extending into and contacting the grooves disposed
on the respective front face of each piezoelectric
element.

2. A probe as in claim 1 wherein each element has a
respective number of grooves disposed on each element
within a range of approximately 50 to 200 grooves.

3. A probe as in claim 2 wherein the respective num-
ber of grooves disposed on each element is approxi-
mately 100 grooves.

4. An ultrasonic probe for coupling acoustic signals
between the probe and a medium having an acoustic

~ impedance, the probe comprising:

25

the specially contoured grooves shown in FIG. 11, the -

piezoelectric layer has 1-1 connectivity.

A greatly simplified cross section view of yet another
alternative embodiment of the present invention is
shown in FIG. 12, similar to that discussed previously
herein with respect to FIG. 4A. As shown, a piezoelec-
tric element 1201, having an elevational dimension, E,
includes an integral inert piezoelectric layer 1202 hav-
ing grooves 1205 extending a depth, D, into a front face
of the element. However, the alternative embodiment
shown in FIG. 12 includes polyethylene as a conformal
material disposed in the grooves, instead of air as dis-
cussed previously herein with respect to FIG. 4A. Ad-
ditionally, the alternative embodiment includes a sec-
ond impedance matching layer 1206 bonded to the inert
piezoelectric layer, the second layer having thickness,
X, and an acoustic impedance selected to further im-
prove an impedance match between the bulk acoustic
impedance of the piezoelectric element 1201 and the
acoustic impedance of the desired media under exami-
nation by the probe.

Although specific embodiments of the invention have
been described and illustrated, the invention is not to be
- Iimited to the specific forms or arrangements of parts so
described and illustrated, and various modifications and
changes can be made without departing from the scope
and spirit of the invention. Within the scope of the
appended claims, therefore, the invention may be prac-
ticed otherwise than as specifically described and illus-
trated. |

What 1s clammed is:

1. An ultrasonic probe for coupling acoustic signals
between the probe and a medium having an acoustic
impedance, the probe comprising;:

an array of piezoelectric elements each having a bulk

acoustic impedance, a respective front face for
acoustically coupling each element to the medium,
and a respective opposing rear face, |

a respective piezoelectric layer integral with each

piezoelectric element for substantially providing an
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a piezoelectric element having a bulk acoustic impe-
dance, a front face for acoustically coupling the
element to the medium, and an opposing rear face;

a piezoelectric layer integral with the piezoelectric
element for substantially providing an acoustic
impedance match between the bulk acoustic impe-
dance of the piezoelectric element and the acoustic
impedance of the medium, the piezoelectric layer
including grooves disposed on the front face of the
piezoelectric element; and

~ a pair of electrodes, electrically coupled to the piezo-
electric element, the pair of electrodes including a
rear electrode coupled to the rear face of the piezo-
electric element and a front electrode extending
into and contacting the grooves disposed on the
front face of the piezoelectric element.

5. An ultrasonic probe as in claim 4 wherein each of
the grooves has a respective volume selected for sub-
stantially matching the acoustic impedance of the me-
dium with the bulk acoustic impedance of the piezoelec-
tric element.

6. An ultrasonic probe as in claim 4 wherein the
grooves each have a respective depth dimension ex-
tending into the front face, the respective depth dimen-
sion being approximately equal to one quarter of a
wavelength of the acoustic signals.

7. An ultrasonic probe as in claim 4 further compris-
ing a conformal material disposed within the grooves.

8. An ultrasonic probe as in claim 7 wherein:

the piezoelectric layer has surface features that are
adjacent to the grooves; and

‘the grooves are arranged on the front surface so that
the conformal material is two dimensionally con-
nected to itself and so that each of the surface fea-
tures is two dimensionally connected to itself.

9. An ultrasonic probe as in claim 7 wherein:

the piezoelectric layer has surface features that are
adjacent to the grooves; and

the grooves are arranged on the front surface so that
the conformal material is three dimensionally con-
nected to itself and so that each of the surface fea-
tures 1s one dimensionally connected to itself.

10. An ultrasonic probe as in claim 7 wherein:

the piezoelectric layer has surface features that are
adjacent to the grooves; and
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- the grooves are arranged on the front surface so that
the conformal material is one dimensionally con-
nected to 1itself and so that each of the surface fea-
tures is one dimensionally connected to itself.

11. An ultrasonic probe as in claim 4 wherein a dielec-
tric constant measurable between the pair of electrodes
15 substantially the same as that which is intrinsic to a
plezoelectric material of the element.

12. An ultrasonic probe for coupling acoustic signals
between the probe and a medium having an acoustic
impedance, the probe comprising:

a body of a piezoelectric ceramic material having a
piezoelectric ceramic layer portion contiguous
with a bulk remainder portion of the piezoelectric
ceramic material, the layer and the remainder each
having a respective acoustic impedance; and

a means integral with the body for controlling the
acoustic impedance of the piezoelectric ceramic
layer so as to substantially match the acoustic impe-
dance of the remainder with the acoustic impe-
dance of the medium.

13. An ultrasonic probe as in claim 12 wherein the
piezoelectric ceramic layer is weakly poled relative to
the bulk remainder of the piezoelectric ceramic mate-
rial.

14. An ultrasonic probe as in claim 12 wherein the
means for controlling the acoustic impedance of the
layer comprises grooves having dimensions selected for
controlling the acoustic impedance of the layer, the
grooves being disposed on a surface of the body and
being sufficiently shallow so as to extend only through
the layer portion of the body.

15. An ultrasonic probe as in claim 14 wherein the
grooves each have a respective depth dimension ex-
tending 1nto the piezoelectric ceramic layer, the respec-
tive depth dimension being approximately equal to a
quarter of a wavelength of the acoustic signals.

16. An ultrasonic probe as in claim 14 wherein the
grooves include a first and second set of grooves, each
member of the first set of grooves having a respective
depth dimension that 1s approximately equal to a quar-
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ter of a first wavelength of the acoustic signals, each
member of the second set of grooves having a respec-
tive depth dimension that is approximately equal to a
quarter of a second wavelength of the acoustic signals.

17. An ultrasonic probe as in claim 16 wherein a first
conformal material is disposed in the first set of micro-
grooves and a second conformal material is disposed in
the second set of microgrooves.

18. An ultrasonic probe as in claim 12 wherein:

the piezoelectric ceramic body has a front face and a

rear face, the piezoelectric ceramic layer being
integral with the front face;

the probe further comprises a pair of electrodes elec-

trically coupled to the piezoelectric ceramic body,
the pair of electrodes including a rear electrode
electrically coupled to the rear face of the piezo-
electric ceramic body and a front electrode electri-
cally coupled to the front face of the piezoelectric
ceramic body; and

an electrical potential along a thickness of the piezo-

electric ceramic layer is small relative to an electric
potential measurable between the pair of elec-
trodes.

19. An ultrasonic probe as in claim 17 wherein a
dielectric constant measurable between the respective
pair of electrodes is substantially the same as that which
1S intrinsic to the piezoelectric ceramic material of the
body.

20. An ultrasonic probe as in claim 13 wherein:

the bulk remainder of the piezoelectric ceramic mate-

nial is sufficiently poled so as to be substantially
electromechanically active; and

the weakly poled piezoelectric ceramic layer is sub- -

stantially electromechanically inert.

21. A probe as in claim 12 wherein the means for
controiling the acoustic impedance of the piezoelectric
ceramic layer comprises a number of grooves disposed
on a surface of the body, the number of grooves being

within a range of approximately 50 to 200 grooves.
x % ¥ Xk X%
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